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Abstract

The 1-deoxy-D-xylulose 5-phosphate synthase (DXS) enzyme catalyses the first biosynthetic step of the 2-C-methyl-
D-erythritol 4-phosphate (MEP) pathway. In plants the MEP pathway is involved in the synthesis of the common

precursors to the plastidic isoprenoids, isopentenyl diphosphate and dimethylallyl diphosphate, in plastids. DXS is

recognized as limiting this pathway and is a potential target for manipulation to increase various isoprenoids such

as carotenoids. In Zea mays three dxs genes exist that encode plastid-targeted functional enzymes. Evidence is

provided that these genes represent phylogenetically distinctive clades conserved among plants preceding

monocot–dicot divergence. There is differential accumulation for each dxs gene transcript, during development and

in response to external signals such as light. At the protein level, the analysis demonstrates that in Z. mays, DXS

protein is feedback regulated in response to the inhibition of the pathway flow. The results support that the
multilevel regulation of DXS activity is conserved in evolution.

Key words: 1-Deoxy-D-xylulose 5-phosphate synthase (DXS), isoprenoid biosynthesis, maize, 2-C-methyl-D-erythritol
4-phosphate (MEP) pathway, post-transcriptional regulation.

Introduction

Plants produce many isoprenoids that are functionally

important in essential processes. Despite their diversity, all
isoprenoids are formed from two common precursors,

isopentenyl diphosphate (IPP) and its isomer dimethylallyl

diphosphate (DMAPP). Additionally isoprenoids are of

biotechnological, medical, and industrial importance (Lange

and Croteau, 1999; Römer et al., 2000, and references

within), prompting efforts to increase levels of these valu-

able compounds.

In plants, the biosynthesis of IPP and DMAPP
utilizes two independent pathways that have different

precursors. The acetate/mevalonate (MVA) pathway is

found in most eukaryotes. The second pathway known as

the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway

operates in the chloroplast of photosynthetic eukaryotes
and also in most eubacteria and in apicomplexa parasites

(Eisenreich et al., 2004). Thus, the genes and enzymes of

the MEP pathway are attractive targets to develop new

antibacterial and antiparasitic drugs, and herbicides

(Rodrı́guez-Concepción, 2004; Rohdich et al., 2005).

Although evidence supports a limited exchange of inter-

mediates between these two pathways, it is clear that only

one pathway is primarily responsible for the synthesis of
particular isoprenoids. The MVA pathway provides the

precursors for sesquiterpenes (C15) and triterpenes (C30)

(Lichtenthaler, 1999; Eisenreich et al., 2001). In contrast,
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the MEP pathway supports the synthesis of the major

photosynthetic pigments (chlorophylls and carotenoids),

hormones (gibberellins and abscisic acid), and mono- and

diterpenes (Eisenreich et al., 2004).

The MEP pathway initiates with a transketolase-like

decarboxylation reaction catalysed by the enzyme 1-

deoxy-D-xylulose 5-phosphate (DXP) synthase (DXS)

using pyruvate and glyceraldehyde-3-phosphate (GAP) as
substrates to yield the first intermediate, 1-deoxy-D-xylulose-

5-phosphate (Rohmer et al., 1996; Lange et al., 1998;

Lois et al., 1998). MEP is converted into a 5:1 mixture of

IPP and DMAPP molecules through the action of six

additional consecutive enzymatic reactions (Lange et al.,

2000; Rodrı́guez-Concepción and Boronat, 2002).

Diverse experimental evidence demonstrates that DXS

catalyses a rate-controlling step in isoprenoid biosynthesis
(Harker and Bramley, 1999; Kuzuyama et al., 2000). The

transcript of dxs accumulates in plant tissues with high

isoprenoid demand, exemplified by tomato and pepper fruit

ripening (Bouvier et al., 1998; Enfissi et al., 2005), gland

trichomes of Mentha piperita (Lange et al., 1998) and

Catharanthus roseus (Chahed et al., 2000), and young

seedlings of Arabidopsis thaliana (Estévez et al., 2000).

Overexpression or reduction of DXS levels alters the amount
of specific isoprenoids in Arabidopsis (Estévez et al., 2001),

tomato (Enfissi et al., 2005), potato (Morris et al., 2006), and

Ginkgo biloba (Morris et al., 2006). Thus, DXS is an obvious

target for manipulation of this metabolic route.

Most enzymes of the MEP pathway are encoded by

single-copy genes in flowering plants, whereas DXS is

typically encoded by a small gene family (Walter et al.,

2002; Rodrı́guez-Concepción et al., 2004; Phillips et al.,
2008; Cordoba et al., 2009). Two related gene groups have

been reported (Lange et al., 1998; Krushkal et al., 2003;

Kim et al., 2005). These gene classes display differential

expression during development and in specific organs,

suggesting a non-redundant function. Group I contains the

DXS1 (CLA1) gene from Arabidopsis and has been

suggested to have predominantly a housekeeping function

(Kim et al., 2005). Group II includes genes such as
MtDXS2 from Medicago truncatula and dxs2 from maize,

whose expression correlates with and is essential for the

accumulation of apocarotenoids during mycorrhization

(Walter et al., 2002; Floß et al., 2008). Similarly OsDXS3

from rice and both PaDXS2A and PaDXS2B from Picea

abies have been proposed to be primarily involved in

defence responses and secondary metabolism (Okada et al.,

2007; Phillips et al., 2007). These findings led to the
suggestion that the second class of DXS-type proteins might

be dedicated to secondary metabolism. Members of a third

DXS group have recently been reported. The expression

pattern of the maize gene that belongs to this group

correlates with carotenoid accumulation in seeds. However,

the functionality and particular role of the proteins that

group in this clade is still unclear (Vallabhaneni and

Wurtzel, 2009).
Multiple signals modulate the DXS at the transcriptional

and protein level (Cordoba et al., 2009). In Arabidopsis, the

transcription of AtDXS1 is regulated by light, circadian

rhythm, development, and sugars (Guevara-Garcı́a et al.,

2005; Hsieh and Goodman, 2005). In addition, DXS protein

levels are regulated post-transcriptionally in response to the

fluctuation of product IPP and DMAPP levels (Guevara-

Garcı́a et al., 2005) and also to the specific demand for

particular isoprenoids (Rodrı́guez-Villalón et al., 2009).

Because DXS is a flux-controlling enzyme for the MEP
pathway, a deep understanding of the regulation of in-

dividual gene family members will underpin successful

manipulation of this metabolic pathway. This is particularly

relevant in agronomically important plants such as maize

that represent a major food and potential biofuel source for

some countries. The need to elucidate further the maize dxs

family motivated this study. In this work a detailed analysis

of the dxs family from maize is reported. In addition, to
extend previous work, new data are provided that show that

each of the maize dxs genes represents a different phyloge-

netic clade. These dxs genes encode functional DXS

proteins with a plastid subcellular localization. The maize

dxs genes display a particular tissue-specific expression that

changes during plant development and in response to

external signals. It is also shown that DXS protein levels

increase in tissues of high IPP and DMAPP demand,
including photosynthetic tissues and yellow kernels. The

results demonstrate that the abundance of maize DXS

protein is modulated by post-transcriptional regulation in

response to the alteration of pathway flow, similar to the

situation in Arabidopsis. This observation demonstrates

that the post-transcriptional regulation of dxs is highly

conserved in evolution and represents a major mode of

regulation of this enzyme.

Materials and methods

Plant material and growth conditions

Experiments with mature plants were carried out with certificated
inbred lines of Zea mays; Oso for vegetative and reproductive
tissues (Monsanto Inc.), and CML311 (CINVESTAV-Irapuato)
and Wisconsin 23 for ears grown in greenhouse conditions in a soil
mixture of vermiculite:peat moss (1:1). Seedlings were obtained
from the FR9923FR697 hybrid line in a growth chamber at 24 �C
under a 16:8 h light:dark photoperiod or in complete darkness for
etiolated seedlings. For root growth kinetics, seedlings were grown
in darkness at 24 �C over paper saturated with water. For light
induction 12-day-old dark-grown seedlings were shifted to light
for the indicated times. For in vitro grown plants; seeds were
germinated on 13 (GM) Murashige and Skoog basal salts (Gibco
BRL, Grand Island, NY, USA), 1% (w/v) sucrose, 13 Gamborg’s
vitamin solution (Sigma-Aldrich, Inc., St Louis, MO, USA), 0.05%
(w/v) MES, with 0.8% (w/v) phytoagar� (Gibco BRL). For
fosmidomycin and norflurazon treatments, seeds were germinated
for 7 d and transferred to either GM or GM supplemented with
100 lM fosmidomycin (kindly provided by Drs Shinjiro Yamaguchi
and Yuji Kamiya, from the Plant Science Research Center RIKEN)
or 5 lM norflurazon for 5 d.

Cloning of the dxs1, dxs2, and dxs3 genes

A dxs 911 bp genomic fragment was amplified by PCR using total
DNA and the oligonucleotides RSF and RSR (Table 1). The PCR
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product was cloned into the pBlue Script vector (Invitrogen�,
Carlsbad, CA, USA) and sequenced. Related dxs sequences were
obtained from a BLAST search (Altschul et al., 1997), and this
information was used to search repositories of cDNAs. The dxs1
sequence was obtained from a clone (accession no. CF649815) from
the maize database (http://www.maizegdb.org/). This expressed
sequence tag (EST) was sequenced and deposited in GenBank
(accession no. AY951981). The sequence for the dxs2 type was
obtained by PCR amplification from genomic DNA using the
primers ZmDXS2F-5’ and ZmDXS2R-TGA (Table 1). The dxs3-
type cDNA was amplified from ears, using the primers ZDXS3F-
GTW and DXS3’R (accession no. HQ113384). The identity of each
clone was confirmed by sequencing.

The rapid amplification of cDNA ends (RACE) was done using
the First Choice� RLM-RACE kit, following the manufacturer’s
instructions (Ambion Inc., Austin, TX, USA), using 3 lg of a mix
of total RNA from ears (4 cm long) and roots. For cDNA
synthesis, two specific primers, ZmDXS2R-TGA or ZDXS2R-
GTW, were used. Nested amplifications were done using the
reverse primers DXS2-5RACERv and DX2-5RC-In in combina-
tion with 5# RACE inner primer (supplied by Ambion). The
amplified products were cloned in pCR�II TOPO� vector
(Invitrogen) and 10 independent clones were sequenced.

Phylogenetic analysis

The virtual translations of dxs sequences were aligned using
Clustal W (Thompson et al., 1994). The putative chloroplast
transit peptide was excluded from all the sequences and no further
adjustment was used to perform the phylogenetic analysis. A
Neighbor–Joining tree was constructed using MEGA version 4
(Tamura et al., 2007) with a bootstrap of 1000 replicates. The final
phylogenetic tree was drawn using the TreeView program (Page,
1996).

Genomic Southern analysis

High molecular weight DNA was isolated from etiolated maize
leaves. A 20 lg aliquot of total DNA was digested with BamHI,
PstI, EcoRI, or HindIII endonucleases. DNA was size-fractionated
by electrophoresis in 0.8% agarose gels and transferred to Hybond
N+ nylon membrane (GE, Amersham Biosciences, UK). Hybrid-
izations were performed at 65 �C overnight using a 911 bp
genomic fragment of dxs2 as the 32P-radiolabelled probe (Fig. 1A)
and washed at 65 �C with 0.1% (w/v) SDS, 0.1% (w/v) SSC
(Church and Gilbert, 1984).

Expression analysis

Total RNA was isolated as previously described (Logemann et al.,
1987), fractionated by electrophoresis on 1.5% (w/v) formalde-
hyde–agarose gels, and then transferred onto a Hybond N+ nylon
membrane (GE). Hybridizations and washes were carried out as
for those described for the Southern analysis. The probes used
correspond to a 318 bp cDNA for dxs1 obtained with the ZDXS1F
and ZDXS1R-GTW primers and a 221 bp fragment from the
3#end of dxs2 (Fig. 1A, Table 1). For dxs3 a 355 bp fragment was
used with the primers DXS3F and DXS3’R (Table 1).

The cDNA was synthesized from 2 lg of DNase-treated total
RNA using Moloney murine leukaemia virus reverse transcriptase
(Invitrogen) and the ZDXS2R-GTW or poly(dT) primers, follow-
ing the manufacturer’s instructions. For PCR, 2 ll of both reverse
transcription products were amplified using High Fidelity Taq
DNA Polymerase (Invitrogen). Primers used included: for dxs2,
ZDXS2F5GW2 (for type 1) or ZDX2FGwC1 (for type 2) and
ZDX2RvI60; for dxs3, DXS3F andDXS3’R; and for ubiquitin,
Ubq-F and Ubq-R, as control (Table 1).

Functional complementation

The cDNAs of the three different dxs clones from maize were
inserted into the plasmids pCMV for dxs1, pGEM-Teasy (Prom-
ega, Madison, WI, USA) for dxs2, and pTOPO-TA (Invitrogen)
for dxs3. A pBluescript plasmid with the full-length dxs sequence
from Arabidopsis and an empty vector were used as controls. These
constructs were transformed into the EcAB4-2 Escherichia coli
strain, defective in DXS activity (Sauret-Güeto et al., 2006b).
Transformants were selected on Luria–Bertani (LB) broth plates
supplemented with 1 mM mevalonate and the appropriate anti-
biotics. Two colonies per construct were grown on plates supple-
mented with antibiotics but no mevalonate. Single colonies were
then inoculated into 10 ml of LB medium with no mevalonate and
grown at 37 �C for 15 h and 40 h at 150 rpm. Bacterial growth
was recorded by measuring the OD600 of the culture directly (when
<1.0 OD) or diluted (when >1.0 OD).

Western blot analysis

Total protein samples were obtained from different tissues in SDS
sample buffer [0.125 M TRIS-HCl pH 6.8, 20% (v/v) glycerol, 4%
(w/v) SDS, 2% (v/v) 2-mercaptoethanol]. The protein concentration
was determined with Bradford reagent (Bio-Rad, Hercules, CA,
USA). A 10 lg aliquot of total protein was used for protein analysis,
separated by SDS–PAGE. To verify equal protein loading, a parallel
gel was run and stained with Coomassie Brilliant Blue R-250. The
proteins were transferred onto nitrocellulose (Hybond C, GE) by
electroblotting. Immunodetection was performed using a 1:1000
dilution of the polyclonal antibodies against the Arabidopsis DXS
protein (Estévez et al., 2000) and detected using the BCIP/NBT
substrate kit (Zymed Laboratories).

Subcellular localization

The 5# dxs fragments containing the putative transit peptide were
cloned in pENTR/D/TOPO vector (Invitrogen�). The primers used
were: ZDXS1F-GTW and ZDXS1R-GTW for dxs1 (106 amino
acids); ZDXS2F5GW2 and ZDXS2R-GTW for dxs2 T1 (114 amino
acids, DXS2); ZDXS2M-GW and ZDXS2R-GTW for dxs2 T2 (52
amino acids, DXS2s); and ZDXS3F-GTW and ZDXS3R-GTW for
dxs3 (124 amino acids). These fragments were fused to green

Table 1. Nucleotide sequences of gene-specific primers

Gene Primer name Sequence

dxs1 ZDXS1F 5#-ATGGCTCTGTCGACGTTCTCTGTCC-3#

ZDXS1R-GTW 5#-CTTGGAGACGTGGAAGATGAC-3#

ZDXS1F-GTW 5#-CAC-CATGGCTCTGTCGACGTTCTC-3#

dxs2 RSF 5#-TATCCGCACAAGATCCTGAC-3#

RSR 5#-TGCTGTTCCGCGATGCCGACA-3#

ZmDXS2F-5# 5#-ATGGCGCTCCAGGCATCGTCGTCG-3#

ZmDXS2R-TGA 5#-TCACTTGAGCTGCATGGCC-3#

ZDXS2F5GW2 (F1) 5#-CACCATGGCGCTCCAGGCATCGTCG-3#

ZDXS2R-GTW 5#-CTTGGACACGGTGTGCACGAC-3#

DXS2-5RACERv 5#-TCTTCATGTGGAGCGGGTAGT-3#

DX2-5RC-In 5#-CGATCTTCCACGGTCCCGA-3#

ZDX2FGwC1 (F2) 5#-CACCTGTGGTGCCGGTGCTCATGC-3#

ZDX2RvI60 (R1) 5#-GATCTTCCACGGTCCCGACG-3#

ZDXS2M-GW 5#-CACCATGATGGTTTCCAAGGAGCCGGCG-3#

dxs3 ZDXS3F-GTW 5#-CACCATGGACACGGCGTTTCTGAG-3#

DXS3#R 5#-ACAAAACTAAGTAGCTTTATTACA-3#

DXS3F 5#-TTGATGAAGTAGGGGAAGGAACC-3#

ZDXS3R-GTW 5#-ACACGGTTGGCATTTTCTGGA-C-3#

Ubq Ubq-F 5#-CACTTGGTGTTGCGTCTCAG-3#

Ubq-R 5#-CACCTCAAGGGTGATCGTCT-3#
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fluorescent protein (GFP) using the pEarlyGate103 binary vector
(Earley et al., 2006). The resulting constructs (20 lg) were in-
troduced by polyethylene glycol (PEG)-mediated transformation
into maize mesophyll protoplasts following the protocol reported by
Sheen’s laboratory. GFP expression was observed using confocal
META laser scanning microscope (Carl Zeiss, LSM510), equipped
for excitation with an argon (Ar2) 488 nm laser.

Results

Isolation of the maize dxs genes

To characterize the DXS family in maize, a region con-
served between the DXS1 (CLA1) gene from Arabidopsis

(At4g15560) and the dxs gene from bacteria (Mandel et al.,

1996; Sprenger et al., 1997; Hahn et al., 2001) was used to

identify several putative dxs-like genes in the maize genomic

database (http://www.maizegdb.org/). In silico analysis

showed three different dxs types among the sequences

obtained. These data agree with previous reports on the

existence of multiple dxs genes (Walter et al., 2002;

Vallabhaneni and Wurtzel, 2009).

The full dxs1 gene was obtained by sequencing an EST

available in the maize database (GenBank accession no.

AY951981). This EST contains the complete open reading

frame (ORF) plus 140 bp of its 5’-untranslated region
(UTR) and 125 bp of the 3’-UTR sequences (Fig. 1A). The

second dxs gene (designated as dxs2) was initially identified

from a partial clone of 911 bp obtained through direct

amplification by PCR from maize genomic DNA (GenBank

accession no. AY944061). As the sequence of this fragment

displays 100% identity with a sequence deposited in the

maize database (CG162236 and AY946270), a hypothetical

contig was constructed. Based on this reconstruction,
specific primers were designed and a 2.1 kb PCR product

from genomic DNA was amplified. The PCR product

Fig. 1. Three dxs genes exist in maize. (A) Diagram of the dxs1, dxs2 and dxs3 clones used in this work showing the translation start site

(+1), the positions of introns (triangles), and the fragments used as probes (lines). (B) Multiple alignment of the Zea mays (Zm) deduced

DXS1, DXS2, and DXS3 protein sequences compared with the DXS proteins from Arabidopsis thaliana (At) and Deinococcus

radiodurans (Dr). Amino acid identity is marked in grey. The sequence predicted by the ChloroP program as the plastid transit sequence

for each protein is underlined. Residues in the active site are marked with an asterisk above (*). The transketolase consensus thiamine

pyrophosphatase (TPP)-binding domain start and end is underlined.
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contained the entire mature DXS2 ORF (Fig. 1A), but

apparently lacked part of the transit peptide for the plastid

localization. An intron of 116 bp was identified in the 3#
region (Fig. 1A). To determine the 5# terminus of the gene
transcript an RNA ligase-mediated RACE (RLM-RACE)

was performed using RNA from roots and immature ears.

Based on the sequence of 10 independent clones, two major

transcription start sites for dxs2 were identified: one is

located within a putative intron (Fig. 7B) and the other is
identical to a recently published dxs sequence (Vallabhaneni

Fig. 2. A phylogenetic tree was constructed using the following sequences: Adonis aestivalis (ABK35283.1); Amomum villosum

(ACR02668.1); Andrographis paniculata (AAP14353.1); Arabidopsis thaliana (DXS1 clade DXS/CLA1 At4g15560, DXLS2/DXL1

At3g21500, DXS3 clade DXS3/DXL2 AT5G11380); Artemisia annua (AAD56390.2); Antirrhinum majus (AAW28999.1); Brassica rapa

(ABE60813.1); Catharanthus roseus (ABI35993.1, CAA09804.2); Chrysanthemum x morifolium (BAE79547.1); Croton stellatopilosus

(BAF75640.1); Elaeis guineensis (AAS99588.1); Glycine max (ACO72582.1); Ginkgo biloba (DXS1 clade AAS89341.1, DXS2 clade

AAR95699.1); Gossypium barbadense ( ABN13970.1); Hevea brasiliensis (DXS1 clade AAS94123.1, DXS2 clade ABF18929.1);

Medicago truncatula (DXS1 clade CAD22530.1, DXS2 clade CAN89181.1); Mentha piperita (AAC33513); Morinda citrifolia

(AAL32062.1); Narcissus pseudonarcissus (CAC08458.1); Narcissus tazetta (ADD82535.1); Nicotiana tabacum (CBA12009.1); Oryza

sativa (DXS1 clade NP_001055524, DXS2 clade NP_001059086, DXS3 clade BAA83576); Physcomitrella patens (XP_001756357.1);

Picea abies (ABS50519.1); Pinus densiflora (DXS1 clade ACC54557.1, DXS2 clade ACC54554.1); Pinus taeda (DXS1 clade

ACJ67021.1, DXS2 clade ACJ67020.1); Populus trichocarpa (DXS1 clade XP_002312717.1, DXS2 clade XP_002303416.1,

XP_002331678.1, DXS3 clade XP_002308644.1); Pueraria montana (AAQ84169.1); Ricinus communis (DXS1 clade XP_002516843.1,

DXS2 clade XP_002533688.1, DXS3 clade XP_002514364.1); Salvia miltiorrhiza (DXS1 clade ACF21004.1, DXS2 clade ACQ66107.1);
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and Wurtzel, 2009). Since the RLM-RACE relies on the

cDNA synthesis from specific linkers that ligate only to

transcripts that contained the CAP structure, it was

concluded that both species are independent initiation sites

and represent different dxs2 primary transcript species.

Finally, the complete cDNA sequence (2515 bp) of the

third gene was obtained through RT-PCR also based on

a hypothetical contig from the maize database. This cDNA
contains the entire ORF of the dxs3 gene and 346 bp of the

3#-UTR (Fig. 1A).

The deduced ORFs from the three genes, dxs1, dxs2, and

dxs3, consist of 719, 723, and 722 amino acid residues,

respectively (Fig. 1B). The overall similarity between the

three DXS proteins ranges between 69% and 47%, with

DXS3 being the most divergent. The three DXS proteins

have conserved the three domains characteristic of the DXS
family. Residues in the proteins that have been reported as

crucial for catalysis in Deinococcus radiodurans such as

glutamate (DXS1, 445; DXS2, 453; DXS3, 453), arginine

(DXS1, 473; DXS2, 481; DXS3, 481) and arginine (DXS1,

553; DXS2, 561; DXS3, 561) are conserved in the three

maize DXS protein types (Xiang et al., 2007). Similar to

other DXS proteins, the consensus thiamine pyrophosphate

(TPP)-binding domain is highly conserved between DXS1
and DXS2 but only partially conserved in DXS3. Some

amino acids that participate in the active site such as

histidine (DXS1, 110; DXS2, 118), tyrosine (DXS1, 467;

DXS2, 474), and aspartate (DXS1, 502; DXS2, 510),

apparently involved in binding the GAP molecule, are

conserved in DXS1 and DXS2 but not in DXS3 (Xiang

et al., 2007). These differences are consistent with the DXS3

group being the most divergent of the three. They also open
up the question of the functionality of this protein and its

affinity for the GAP molecule.

The DXS maize family belongs to three independent
phylogenetic groups conserved among plants

To obtain a better picture of the relationships of the maize

DXS proteins relative to those from other organisms,

a Neighbor–Joining tree was constructed. The tree included

representative proteins from different plants, as well as that

from D. radiodurans, as a reference (Fig. 2). The present

analysis includes only sequences that contain the complete

DXS ORF. The phylogenetic tree branches into three
independent groups of DXS proteins conserved among

plants. Clade DXS1, previously referred to as DXS1

(Walter et al., 2002), includes proteins from a variety of

dicots and monocots and the well characterized DXS1/

CLA1 from Arabidopsis. This group also contains a DXS-

like protein sequence (DXS2/DXL1) from Arabidopsis

(At3g21500), a protein whose function is still unknown

(Phillips et al., 2008). A second clade (DXS2) in this tree
includes maize DXS2 together with representatives from M.

truncatula, C. roseus, and M. piperita, among others.

Members within this group have been shown to be essential

for the synthesis of particular isoprenoids involved in

secondary metabolism, including apocarotenoids (Floß

et al., 2008). Finally, a third clade (DXS3) includes proteins

such as maize DXS3, rice DXS2, and Arabidopsis DXS3/

DXL2 (At5g11380). This group is conserved among plants

species, but it is the more distant phylogenetic DXS group.

The DXS protein from D. radiodurans clusters in a separate

clade from plant DXS proteins.

The three maize dxs genes encode functional proteins

To determine whether maize DXS proteins are functional

enzymes, complementation experiments were performed

using an E. coli strain EcAB4-2 defective in the DXS gene.

This strain contains heterologous genes that permit the use
of supplied mevalonate to sustain growth in the absence of

DXS (Campos et al., 2001). In the absence of exogenous

mevalonate this strain cannot grow unless a functional DXS

protein is introduced. The EcAB4-2 strain was transformed

with each of the three maize dxs cDNAs expressed from

a bacterial promoter. Transformants harbouring DXS1

grew overnight on plates without mevalonate, similar to

control bacteria expressing Arabidopsis DXS. Those har-
boring DXS2 and DXS3 grew slowly and were only visible

after 2 d of culture (Fig. 3). Control strains transformed

with an empty plasmid were unable to grow in the absence

of mevalonate even after longer incubation times. From this

assay it was confirmed that the three maize dxs genes

encode functional DXS proteins.

Expression analysis of the dxs1, dxs2, and dxs3 genes
in maize plants tissues

To better define the expression pattern of each maize dxs

gene, a northern survey of nine different maize organs was
conducted. As shown in Fig. 4A, the dxs1 transcript

Fig. 3. Functional complementation of the DXS maize proteins in

E. coli. The E. coli strain EcAB4-2 defective in DXS activity was

complemented with each of the three maize dxs genes and grown

in the absence of mevalonate. Growing capacity was followed by

optical absorbance at 600 nm at 15 h and 40 h. The DXS/CLA1

gene from Arabidopsis was used as a positive control. No growth

was observed at these times in the empty vector, used as

a negative control. Mean and standard error of a total of six

cultures (n¼6) from three separate experiments are represented.
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accumulated predominantly in green tissues including leaves,

green husks, and immature tassel. By far the highest

expression level detected for this gene was in young leaves,

and it substantially decreased in leaves from mature soil-

grown plants. Low dxs1 levels were found in immature ears,

roots (Fig. 4A), and kernels, independent of whether they

were white or yellow (Fig. 4B).

The other two dxs genes were expressed at lower levels
than dxs1 in all tissues analysed. dxs2 transcript was

detected readily in mature leaves, roots (Fig. 4A, C), and in

yellow kernels (Fig. 4B). dxs2 transcript was barely detect-

able in white kernels and undetectable in all the other

tissues analysed. The dxs3 transcript was detected in all

tissues analysed, but the highest levels were observed in

mature leaves, immature ears, and husks (Fig. 4A, C).

Expression analyses of the dxs1 and dxs2 genes during
leaf development

In several species, the levels of dxs transcripts have been
observed to change during plant development. To address

this in maize, the transcript levels of the three dxs genes

Fig. 4. Transcript accumulation of the three dxs genes in maize tissues. (A) Northern blot analysis of total RNA extracted from 8-day-old

leaves (l), 2- month-old mature leaves (ml), silks (s), tassel (t), roots (r), husks (h), and immature ears (e). (B) Mature kernels from white (k)

or yellow (yk) varieties. Each lane contains 20 lg of RNA. Northerns were hybridized with specific probes for dxs1, dxs2, and dxs3

genes. The 25S rRNA is shown as a loading control (25S). (C) Densitometric quantifications of the dxs1, dxs2, and dxs3 transcript levels

shown in A and B, relative to the corresponding 25S control for each lane.
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were followed during seedling development. Total mRNA

from the first and second leaves was isolated from 8-, 12-,

and 20-day-old plantlets and the expression of these genes

analysed. As shown in Fig. 5A, the abundance of the dxs1

transcript was higher in younger leaves than in older leaves.

dxs2 and dxs3 transcripts were barely detected at these

developmental stages (data not shown).

Maize leaf blades have Kranz anatomy, a characteristic
of C4 plants (Nelson and Langdale, 1989). C4 differentiation

develops in a gradient from the tip to the base of the blade

and to a lesser extent in the sheath region which are

primarily C3 organs. To analyse whether the dxs1 transcript

expression profile displays any differences in these tissues,

total RNA from leaf sheath and leaf blade was extracted

independently from first and second leaves of 20-day-old

seedlings. As shown in Fig. 5B, the dxs1 gene transcript
accumulated to higher levels in the sheath of the first and

second leaves than in their corresponding blades. The

highest dxs1 expression was detected in the youngest tissue

(third leaf), which, due to its size, was not separated

between blades and sheath. These data show that dxs1 is

preferentially expressed in the sheaths, which are anatomi-

cally more C3-like tissues.

The initial analysis showed that the highest dxs2 expres-
sion was in roots (Fig. 4A, C). Previous reports have shown

that this gene plays a role in the biosynthesis of specific

carotenoids in mycorrhizal colonized roots (Walter et al.,

2000, 2002). The expression of this gene was followed in 4-

to 20-day-old seedling roots. As shown in Fig. 5C, the dxs2

transcript accumulated to higher levels in the 12- and 15-

day-old roots, followed by a significant (12-fold) decline in

later developmental stages.

Light regulation of the dxs gene transcripts

Light plays a major role in the regulation of the expression

of several dxs genes in various species (Mandel et al., 1996;

Hsieh and Goodman, 2005). Therefore, to analyse the effect
of light on the accumulation of the dxs maize gene

transcripts, total RNA was extracted from 8-day-old leaves,

grown under constant darkness followed by light exposure.

The dxs1 transcript rapidly accumulated upon 1 h of

illumination, and continued for up to 21 h, with a final

increase of 5-fold above the initial level (Fig. 6A). These

responses correlated with the light induction observed for

the rbcS photosynthetic gene (Fig. 6A). Although the dxs2

gene was expressed at lower levels than dxs1 in leaves, light

exposure resulted in a transient accumulation (2-fold) after

5 h of illumination (Fig. 6A). In contrast, for dxs3, only

a minor change on the transcript level was observed after

light exposure (Fig. 6B).

Multiple transcripts exist for the dxs2 gene

Two major transcript species were identified for the dxs2

gene by RACE analysis. The sequence of independent

clones showed that all of them are identical in their 3#

Fig. 5. The levels of dxs genes change during maize develop-

ment. (A) Northern blot analysis of total RNA from first (1L) and

second (2L) leaves of 8-, 12-, and 20-day-old maize seedlings. (B)

RNA blot of 20-day-old maize leaf sheath (ls), leaf blade (lb), and

whole leaf (l) tissues. The leaf number from which each tissue was

extracted is marked: (1) first, (2) second, and (3) third leaf. (C)

Northern blot analysis of total RNA from 4-, 6-, 9-, 12-, 15-, and

20-day-old maize seedling roots. Each lane contains 20 lg of RNA

and the membranes were hybridized sequentially with different

probes. The hybridization of the 25S rRNA or methylene blue- (MB)

stained gels are also shown as the loading controls.

Fig. 6. Light regulates the expression of dxs maize genes. Twelve-

day-old seedlings were grown under darkness and then exposed

to light for 0, 1, 5, and 21 h or grown in a 8:16 light:dark cycle (L).

Each lane contains 10 lg (A) or 20 lg (B) of total RNA. (A) The

same membrane was hybridized against dxs1, dxs2, and rbcS or

(B) dxs3 probes. The rbcS gene expression was included as

a control of a light-regulated gene. The ethidium bromide- (EtBr)

stained gels are shown as the loading controls.
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termini and in the mature protein but have different

sequence at their 5# termini. The region where these

differences were found encoded part of the putative plastid

transit peptide (Fig. 7). Consequently, the resultant proteins

differ in ;30 amino acids at their N-termini. One possible

explanation for these results is that each transcript species

derives from independent dxs2 genes. To test this,

a Southern blot of maize genomic DNA digested with four
restriction endonucleases was hybridized against a specific

probe for the dxs2 gene in a region common to all of the

RACE transcripts. A single prominent band for each

enzyme was detected (Fig. 7A). The weak hybridization to

additional bands observed in some lanes probably corre-

sponds to the related dxs1 and dxs3 genes. It is concluded

that in the FR9923FR697 inbred line analysed there is only

one dxs2, and by inspection of the B73 genome sequence

only a single gene copy was also found, located on

chromosome 7.

Close inspection of the genomic region from the maize

data bank (http://www.maizegdb.org) that displays 100%

identity to the present EST (gi 226373747, gbAC231619.3)
showed that sequences identical to each of the two major 5#
termini of the RACE products exist upstream of the reading

frame (Fig. 7B). The sequence from the 5# termini of

transcript type 1 (T1) is present ;400 bp upstream of the

5# termini of transcript type 2 (T2). An intron prediction

Fig. 7. Two different transcript species exist for the dxs2 maize gene. (A) Southern analysis of the dxs2 gene. A 20 lg aliquot of total

DNA from Z. mays (L.: FR9923FR 697) was digested with BamHI (lane 1), PstI (lane 2), EcoRI (lane 3), and HindIII (lane 4) restriction

enzymes. Hybridization was performed under stringent conditions as described in the Materials and methods. The probe used

corresponds to a 911 bp genomic fragment for the dxs2 gene, as show in Fig. 1A. (B) Genomic sequence of the 5’-terminal region of the

dxs2 transcripts type 1 and 2. The sequence includes the predicted intron marked in grey. The primers used for the dxs2 PCR

amplification are marked by the arrows (F1 or F2 and R1). The asterisk (*) marks the transcription initiation sites obtained from the RACE

for the two transcript types. (C) RT-PCR from leaves (l), roots (r), and yellow mature kernels (yk). To access the specific dxs2 transcripts,

PCRs from each cDNA were obtained using the same reverse primer (R1) but different 5’ oligonucleotides: F1 for type 1 (T1) and F2 for

type 2 (T2). RT-PCRs from the ubiquitin (Ubq) from the same RNAs are shown as a control. (D) Diagram of the genomic region and the

two different dxs2 transcript types whose only difference is the very 5’ sequence.
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program identified a putative 359 bp intron within this

region that, when spliced, will generate the exact sequence

present in the transcript T1 (Fig. 7d). In contrast, the

unique sequence present at the 5# termini of the transcript

T2 is part of the predicted intron (Fig. 7d). From these data

it is concluded that the dxs2 gene is transcribed from two

different sites located ;600 bp apart.

To determine if these transcript species differentially
accumulate in particular tissues, RT-PCR analysis was done

using cDNA generated from the ZDXS2R-GTW oligonu-

cleotide from those tissues where the dxs2 transcript was

detected. Specific primer pairs that distinguish each tran-

script species were used. As shown in Fig. 7C, the transcript

that starts within the intron (T2) accumulated in the three

tissues and apparently at higher levels than T1. In contrast,

the transcript T1 was only detected in kernels and roots but
not in cDNA from mature leaves. Such differences cannot

be attributed to the quality of RNA, which appears to be

similar judged from the ubiquitin levels used as control.

The maize DXS proteins are targeted to plastids

The software ChloroP (http://www.cbs.dtu.dk/services/

ChoroP) and Predotar (Emanuelsson et al., 1999; Small

et al., 2004) predicted a chloroplast transit sequences of 52

amino acids for DXS1 and 67 for DXS3 (Fig. 1B). For

DXS2, a transit peptide of 67 amino acids was predicted for

the protein encoded in the transcript T1. The transit peptide
predicted from T2 is relatively short, with only 17 amino

acids, if starting from the first methionine after the

initiation start site (Fig. 7B, D). In silico this peptide is not

recognized as a canonical chloroplast transit peptide. To

analyse the subcellular localization of the different maize

DXS isoforms, each was fused to a GFP. These fusions

were introduced into maize mesophyll protoplasts and the

GFP fluorescence analysed by confocal imagining (Fig. 8).
The GFP fluorescence of the fusions DXS1–GFP, DXS3–

GFP, and DXS2–GFP derived from the T1 transcript was

observed exclusively inside chloroplasts (Fig. 8A, D, J).

These localizations were confirmed by the co-localization of

GFP with chlorophyll autofluorescence. In contrast, the

fluorescence of the DXS2 fusion derived from the T2

transcript accumulated exclusively in the cytosol (Fig. 8G).

These results confirm the prediction that the putative
protein encoded by the transcript T2 does not localize to

chloroplasts.

Expression and regulation of the maize DXS proteins

To analyse protein accumulation in several maize organs,

heterologous antibodies against the Arabidopsis DXS pro-

tein were used. As shown in Fig. 9A, a protein with a similar
molecular mass to that of the Arabidopsis DXS was detected

predominantly in (9-day-old) young leaves and in yellow

kernels. This protein was also detected at lower levels in all

five other tissues analysed including husks, tassel, and roots.

The capacity of the antibody to recognize the maize DXS1

and DXS2 proteins was demonstrated by western analysis
after protoplast expression assays (data not shown).

In Arabidopsis, the DXS protein accumulates after applica-

tion of inhibitors of this pathway, probably as a response to

decreased levels of the MEP pathway final products (IPP and

DMAPP) (Guevara-Garcı́a et al., 2005; Sauret-Güeto et al.,

2006a). To explore whether this feedback mechanism is

conserved in maize, the accumulation of DXS protein was

analysed in seedlings grown in vitro and treated with the
herbicide fosmidomycin. Fosmidomycin inhibits the activity

of the second enzymatic step of the pathway, and as

a consequence the levels of IPP and DMAPP are reduced

(Kuzuyama et al., 1998; Schwender et al., 1999; Laule et al.,

2003). Seven day-old maize seedlings were transferred to

media with or without 100 lM fosmidomycin for 5 d and the

level of the DXS protein was estimated in the newly emerging

leaves that are pale green (Fig. 9B). The DXS protein
consistently accumulated to higher levels (;10 times) in the

Fig. 8. Subcellular localization of the ZmDXS proteins. The

N-termini of the proteins encoded by the dxs genes were fused to

GFP using 106 amino acids for DXS1, 114 amino acids for DXS2

(from transcript type 1), 52 amino acids for DXS2 (from transcript

type 2), and 124 amino acids for DXS3 containing the putative

chloroplast transit peptides. Mesophyll protoplasts were trans-

formed with each GFP fusion construct containing DXS1 (A), DXS2

(D), DXS2s (G), DXS3 (J), and GFP (M). The GFP vector (M–O) was

used as a control. Confocal microscope images of the GFP

fluorescence (A, D, G, J, and M), chlorophyll autofluorescence

(B, E, H, K, and N), and the merged images for GFP and

chlorophyll for each construct (C, F, I, L, and O) are shown.
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presence of fosmidomycin (Fig. 9B). This accumulation

cannot be attributed to a pleiotropic effect of chloroplast

arrest, as it was not observed in seedlings treated with

norflurazon (Fig. 9B). Norflurazon also causes a chloroplast

arrest (Oelmüller, 1989), but should not directly affect the

levels of IPP and DMAPP. Similarly to Arabidopsis, high

accumulation of the DXS protein appears to result from

a post-transcriptional regulatory mechanism, because the
transcript levels of dxs1, dxs2, or dxs3 genes displayed

minimum variation during fosmydomicin treatment (Fig. 9C).

Discussion

The MEP pathway provides the structural molecules for

a variety of key metabolites. Understanding the regulatory

mechanisms of this biosynthetic route is important for the

potential modulation of the production of key isoprenoids.

Until now, such attempts to regulate exogenously the

production of the diverse metabolites derived from this

pathway have met with limited success. This is probably

because changes in the levels of some primary metabolites

synthesized from this pathway, such as hormones, result in

pleitropic effects on plant development. This is particularly
relevant since most enzymes of the MEP pathway are

encoded by a single-copy gene in plants (Rodrı́guez-

Concepción and Boronat, 2002; Cordoba et al., 2009). An

exception to this is DXS, represented in most plants by

a small gene family (Cordoba et al., 2009). Published work

supports that the different genes that constitute the DXS

family might be primarily responsible for the production of

particular isoprenoids (Walter et al., 2002; Phillips et al.,
2007; Floß et al., 2008). In addition, diverse experimental

data have demonstrated that DXS in plants limits output

from the MEP pathway (Lois et al., 2000; Estévez et al.,

2001; Enfissi et al., 2005; Carretero-Paulet et al., 2006). In

consequence, understanding the molecular mechanisms that

regulate the function and expression of the different iso-

forms and their roles in the synthesis of specific compounds

is relevant. So far, the functionality of only a few members
of the DXS family has been analysed in detail. The data

obtained from these analyses show inconsistent scenarios.

In P. abies, for example, it has been found that all members

of the family encode functional proteins that participate

differentially in the synthesis of particular isoprenoids

(Phillips et al., 2007). In contrast, in Pinus densiflora and in

Arabidopsis, only some genes of the family appear to encode

active proteins (Phillips et al., 2008; Kim et al., 2009). In the
present work, the existence of three dxs genes in maize was

demonstrated, each one encoding functional proteins with

plastid localization. This is consistent with published data

(Vallabhaneni and Wurtzel, 2009). The expression patterns

of these genes and some of the regulatory mechanisms that

modulate their expression at the transcriptional and post-

transcriptional levels are defined.

The present sequence analyses of the dxs maize genes
demonstrated that dxs3 is the most divergent member of the

family. In the maize DXS3 protein, several of the key amino

acids that are proposed to be involved in the TPP and in the

GAP-binding domains in bacteria are not conserved (Xiang

et al., 2007). Despite these changes, complementation

analysis in E. coli demonstrated that this enzyme is active

as a DXS, although with lower complementation efficiency

than DXS1. However, the difference in complementation
rates is not easily attributable to the amino acids changes

present in DXS3. Complementation efficiency similar to

DXS3 is observed with DXS2 even though this enzyme has

most of these key amino acids present. A possible explana-

tion of the lower complementation rates could be due to

differences in the codon usage between maize and E. coli.

Nonetheless, the complementation analysis clearly demon-

strates that the DXS3 protein has DXS activity. Thus, the
changes present in DXS3 are not essential for its enzymatic

activity. The consequences, if any, of the changes present in

Fig. 9. Accumulation of the DXS protein in different maize tissues.

(A) Expression of the DXS protein in maize tissues. Total protein

extracts from 8-day-old leaves (l), 2-month-old mature leaves (ml),

silks (s), tassel (t), roots (r), husks (h), and mature yellow kernels

(yk) were used to perform an immunoblot analysis with heterolo-

gous antibodies against Arabidopsis DXS. A specific band of

similar molecular mass to the Arabidopsis DXS protein is observed

in maize tissues. Coomassie brilliant blue- (Coo) stained gels were

used as loading controls. (B) Expression of DXS protein in maize

seedlings treated with fosmidomycin and norflurazon. Maize seed-

lings were grown for 7 d on MS medium. Treatment was done by

transfer to MS medium for control (–), or MS medium supple-

mented with 100 lM fosmidomycin (Fos) or 5 lM norflurazon (NF).

Samples were collected 5 d after treatment. A 10 lg aliquot of

total protein extracts from the third leaves was loaded in each lane.

The level of the DXS protein was analysed by protein gel blots as

described in A. Coomassie brilliant blue-stained gels were used as

loading controls (Coo). (C) Relative levels of expression of the dxs

genes after fosmidomycin and norflurazon treatments. RNA was

extracted from the same samples used for the protein gel blot

analysis in B. Northern blot was used to analyse dxs1 and dxs2.

Each lane contains 5 lg of total RNA from each condition. The

methylene blue-stained membrane (MB) is shown as a loading

control. RT-PCR was used to analyse the dxs3 gene expression.

Ubiquitin (Ub) expression was used as loading control.
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the DXS proteins from clade 3 remain to be analysed in the

future, when reliable enzymatic assays from protein extracts

are available. However, these differences open up interest-

ing possibilities for enzymatic differences among these

proteins and their functionality.

A recent publication linked the dxs3 gene type specifically

to the Poaceae family (Vallabhaneni and Wurtzel, 2009).

However, the present phylogenetic analysis demonstrates
that homologues to the dxs3 genes are also present in

dicots, such as Populus trichocarpa, Vitis vinifera, and

Arabidopsis. Therefore, this gene type is conserved among

plants. The emergence of this group occurred early in

evolution prior to the monocot and dicot divergence. Thus,

in addition to the two recognized phylogenetic DXS groups

(Walter et al., 2002; Krushkal et al., 2003) evidence is

provided for a third DXS group conserved among angio-
sperms. An exception to this is Arabidopsis where no DXS

gene from clade 2 exists. Even though three independent

DXS genes exist, two of them, DXS1/CLA1 and DXS2/

DXL1 (At3g21500), group into the same clade (DXS1). It

remains be determined if the DXS3/DXL2 gene from

Arabidopsis that belongs to clade 3 is functional. Based on

microarray data from the public Genevestigator database,

this gene is expressed in stamens and pollen (Zimmermann
et al., 2004).

Differential expression of the dxs genes in maize

In the present report, marked differences in the expression
pattern and transcript levels of the three dxs maize genes

were observed. Similar to Arabidopsis and tomato (Mandel

et al., 1996; Lois et al., 2000), the maize dxs1 is highly

expressed in photosynthetic tissues during early develop-

ment. This expression is consistent with the idea that this

gene is committed to primary metabolism in stages where

the photosynthetic apparatus develops. However, dxs1 is

not expressed equally along the leaves but accumulates at
higher levels in leaf sheaths, a more C3-like tissue (Langlade

et al., 1995).

In contrast, the highest transcript accumulation of dxs2 is

found in roots, mature leaves, and yellow kernels. The

present analysis also shows two different types of messen-

gers that differ by ;20 amino acids at their N-termini and

have differential expression in these tissues. These differ-

ences do not change the predicted mature DXS2 protein but
do change their subcellular localization. It was demon-

strated that only the protein encoded by transcript T1 is

transported into chloroplasts, where it is expected to

perform its function. Previous reports have proposed that

proteins that belong to the DXS2 group are committed to

secondary metabolism (Walter et al., 2002; Paetzold et al.,

2010). This idea is entirely consistent with the present

results since the chloroplast DXS2 protein derived from the
T1 transcript accumulates in roots and ears but apparently

not (or at very low levels) in mature leaves. The maize dxs2

gene is preferentially expressed in young seedling roots.

Based on the development of the root system in maize, it is

assumed that at the stage used for this analysis, the majority

of dxs2 expression derives from the primary root. It is

possible that the decrease in the dxs2 transcript level

observed at day 20 coincides with the decay in activity of

the primary root (Feldman, 1993).

The function of the protein encoded by the dxs2

transcript T2, if any, is at the moment unknown. So far no

other protein of the MEP pathway has been identified in the

cytoplasm. However, it is also clear that DXP is transported
into the chloroplast as shown by the chemical complemen-

tation of the cla1 mutant (Estévez et al., 2000). It is

important to remember that DXS is also needed for the

synthesis of B1 and B6 vitamins, although an alternative

pathway has been found for the biosynthesis of B6

(Tambasco-Studart et al., 2005).

The present data show that the dxs2 transcripts (T1 and

T2) initiate ;600 bp apart. Thus, each of these transcripts
is probably transcribed from independent promoters. One

promoter (T2) is located within the T1 intron, while the

other promoter (T1) is located upstream of the transcrip-

tion initiation site of the T1 transcript. A similar mecha-

nism has been documented in maize for the differential

expression of the pyruvate orthophosphate dikinase

(PPDK) chloroplast and cytosolic genes (Sheen, 1991). It

is possible that the proper transcriptional factors required
to initiate transcription of T1 are only present in roots or

ears but not in tissues like leaves. The sequence that

encodes the N-terminus of the dxs2 transit peptide, which

corresponds to the first exon of the T1 transcript from

maize, is almost 100% identical to that in rice and Sorghum

(Vallabhaneni and Wurtzel, 2009). In general the sequen-

ces of the chloroplast transit peptides are remarkably

heterogenous (Jarvis, 2008). This extraordinary conserva-
tion at the nucleotide level suggests that this exon has been

acquired recently during the monocotyledon evolution.

The transcript of dxs3 is detected in most of the tissues

analysed, albeit at lower levels than the other two genes.

Its highest accumulation is found in mature leaves, husks,

and immature ears. In a previous publication the dxs3

transcript was correlated with the carotenoid accumulation

in kernels (Vallabhaneni and Wurtzel, 2009). This obser-
vation contrasts with the present analysis, where no major

differences in the accumulation of the dxs3 transcript are

observed between yellow and white mature kernel varie-

ties. To clarify these discrepancies it will be important to

analyze the level of dxs2 T1 transcript without the inter-

ference of the dxs2 T2 transcript in the different maize

germplasm. The present data show that the yellow kernels

accumulate high levels of the dxs2 transcript and high
levels of the DXS protein.

As mentioned, the dxs3 gene is expressed at low levels, in

the tissues analysed. It is possible that this gene could

participate in the synthesis of some products derived from

this pathway such as hormones (gibberellic acid and abscisic

acid), that are essential for plant survival but which are

required at much lower levels compared with other iso-

prenoids derived from the same pathway (Lichtenthaler,
1999; Rohmer, 1999; Kasahara et al., 2002). Such a role

would also explain why the expression of the dxs3 gene is
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apparently not modulated by light, since these hormones

would be required in a variety of tissues.

Finally, in this work the level of the DXS protein in

maize was also analysed using heterologous antibodies

raised against Arabidopsis DXS1. DXS is a protein highly

conserved in evolution and the antibodies used here re-

producibly detect a discrete band with the expected

molecular mass for the DXS protein in various maize
tissues. Similar to other plants, maize DXS accumulates at

high levels in green photosynthetic tissues. High levels of

this protein were also detected in yellow kernels. If it is

assumed that protein abundance reflects transcript levels,

then the proteins detected most probably correspond to

dxs1 in young leaves and dxs2 in the yellow kernels. This

accumulation correlates with a higher demand for IPP and

DMAPP in these tissues. These results support that in
maize, DXS also has a limiting role in this pathway, as in

other plants (Estévez et al., 2001; Carretero-Paulet et al.,

2006).

Previous reports showed that the level of the DXS protein

in Arabidopsis is post-transcriptionally regulated by a feed-

back mechanism that apparently depends on the pool of

IPP and DMAPP products (Guevara-Garcı́a et al., 2005;

Rodrı́guez-Villalón et al., 2009). The results presented in
this work demonstrate that in maize the level of the DXS

protein also accumulates in seedlings grown in the presence

of the MEP pathway inhibitor fosmidomycin (Kuzuyama

et al., 1998; Zeidler et al., 1998). The results support that

the pathway flow also regulates the accumulation of DXS in

maize through a post-transcriptional mechanism. Thus, this

regulation appears to be an evolutionarily conserved

mechanism and supports the fundamental role that DXS
regulation has in this pathway. Similar to Arabidopsis, the

accumulation of the DXS enzyme by fosmidomycin treat-

ment results in a feedback mechanism in response to the

low levels of some products derived from this pathway. As

the DXS accumulation is not observed with norflurazon

treatment, which affects carotenoid biosynthesis, it can be

excluded that these compounds or the hormones derived

from this pathway are involved in this regulation.
In conclusion, this study reports a detailed analysis of the

expression profile of three dxs genes during maize de-

velopment. Some of the regulatory mechanisms that modu-

late the expression levels of both genes and protein in

response to internal and external signals are also demon-

strated. This work extends previous analyses of these genes,

and begins to uncover the complexity of the regulatory

mechanisms that modulate this key enzyme for the MEP
pathway in maize.
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